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Figure 1 (Color online) GPU architecture

SR INT32 Core. BUAN, 1 i IR E 5 > B FH AL S50 G B F I e 75 5K, ot KA GPU £E SM
WAL T Tensor Core fil RT Core. Tensor Core & FH TR B 2% > N FIAERE R S 7% ) 1 RT Core
B F T AURE G S O BB R 12

T GPU s KE ), IRZWT R TAERIE TR Z /MEFREMELLR 1 GPU L, LUA ik
T+ GPU FIFH . MR N 1 AR S5 B & 755K (Quality-of-Service), AT LKA 0 AR S5 K115 2k
FEIRBPURTAE 55 RIS I N BT 55 SE IR BUBAUAT 55 75 BEAE R € I 18] H AR N e et 5, DA Aikes F -
WSS, A SE B AR EUNAT 55 B IR D700 9 BT 2% WA A AT D ] H A, AT R PRt 56 R E
SERIR], GBS 2B A AR 5% W, FERXMIE B0 T, TR BER DT A AT 55 Sk A I B U BT 55
M ZIK GPU B, RERIRIF IR = GPU A A=,

TRETRE PSRBT T L 2R GPU ERIRHIR G HE Tk, Ll SM R IRHIIR & #8E J7 %,
5T GPU JZRHNEAHE. BRI 5, Baymax B @i B2 R E (kernel) HI&SFIRF, 76 RAEZEIR
BURAAE 55 IR S5 o B 25 AR, SCHRRR T N BUE S AN SM IR B, T SM R IRIIR &
#1&, Tacker O FEAZ R ELE P 240, S TR RBRL-G J735, SCREMTRRZ s 85 R I R 21 SM A 1
Tensor Core 5 FP32 Core.

R R R G 712885 F| FH 2| Tensor Core 5 FP32 Core FIFFEATH:, BAUWAGFESE JLA M) &
26, WA % R BRI A TR AP RR T B TT I BRI AT M TN, ARTIXAME B TR S
BRI, BARA B TN ROHE R, (H2 IR R SM N R RERITHRE AT IE. 254
&, 2080Ti #J RT Core 5 FP32 Core, V100 HJ Tensor Core 5 FP64 Core #{ALFAEIAT .

HIR, R B A J7 AN GEE FH T RT Core MIAZRREL. XK RT Core [ H 75 24f H
GfRE S Optix 7, 1 HAR TR B TC M I 7R A 2w 215 5 CUDA B (- IR A28 5 A% R 5L
TVEHATIZ R RS, B, R B RS P RE S R IIL B IR AT IR R 28001 &, BBk 8 1 B2 TR
100 M fras, Mg 2 BAETE 50 M FR. ERREEG )5, Ba R R B A 2R AT
AT H] 100 D5 A7, BAN ) BEURAL T B 2ok 1 AL A7 M RE.

TR 26— AN ), JRATTACIN, T — B o 2 F VR B SR 56 W] DAL SE S B — MoK N GPU £ SM
WA THREIEAT V. I8 ANAGEAT — JOX B RN H, JRATTAT MR T4 1 5E A tH B A7 AT REF SML A
THEIATYE. TS AN R, RATR DL, CUDA stream $&4E T i v [n] KT T RENL 2 O, 1%k, Optix
i M CUDA i 5 # SR CUDA stream HIfEH]. FATATLAER] CUDA stream KRG & ] RT
Core A% R H 5 4f FH At TSR T R . HIR, CUDA stream SCHF— M EREAEFH 55— MZ R
HOEA R e SM Bl XN REHE SM E K TR & E R4 7 AT ek

SR, CUDA stream tHAF/EE H OB, B, CUDA stream WANREEENI—AN K% GPU L]

2744



HEBYEERE Boa s Hi12 4

REM) SM N IFATHE. ik, B4 CUDA stream SRV BB AME A AN R T 50 A% BR800 i oK
ST, KRBV R EAE SM R 1 E R BT, 5 =, AR AU 55 EERORE HE T
B A% R BRI PAT IR 18] QA% v ) S0 A% e AR TR B I DL R VR BRI SR R RN, fodm, B —
AN GPU _LATaef 28 SM A JFAT AT AedE, dn g Be it — 2 F A 1 58 SR Rl KA B AR R G At
IR 5 g R 10 X L

N T R VA MRS, FRATIBE Y 7 A TR A ik 3 ) PR A% BRI 7V Hato. Hato REWSEH IR
— GPU EALH P I SM N IFATHE, IF RS £ CRAUESE IR U AT 55 Ik 55 i & (0 RIS, A 20
FIREMT SM A FFATYE, Bl KA EEAR R Gt ik, Aok 45 R

o PR T AMEAIHAT YRR TR, XN RA GPU, iZ TR — BN, B AUE1T
— X LS EEERE Y, e AL i GPU BT AR SM N IFAT .

o PR T MR BIRMUERTE. T FREE R SM N IFAT I, 1207E B S R A iR B
AN R EH SML BRI FEEAT A 8], 285 08 T BE A% BR B0 BT D HEAT 14 RE TN 2 A6

o BT ARG A A3 A R SR E SR FIH] BE AL BR BOR BN AR M BTN ), Ak 3
1] A FE 2R I FE A et 1 — B T A% s U BT, DAAE DRAIE S IR U ARAT: 55 i 55 B B D[R] I, 4%
S EITA K SM N IFATE, Dl KA R RGi At

FATHET 2080Ti, V100, 3090 —=Fh FL S F AT T AH N SELG. SEIG 25 AR, Hato AMUARIE T 4E
IRBURTT 55 IR S5 i &, JRAHEE Tacker “FI$HETF T 19.2%, Sme Tt 7 54.1% MR GHM-.

2 #hil

2.1 ZEHELA T3 IER B

WATRALFH FP32 Core MR 444 FP32 kernel, /] FP64 Core 4% K% 44 FP64
kernel, f# H INT32 Core HI#% bR Ar % A4 INT32 kernel, ff F] Tensor Core FIZREAT 44 N TC kernel,
f#H RT Core (%R EI6T 4N RT kernel. 170 TAE Tacker ¥ ¥4 TC kernel £ FP32 kernel fliéy
Ekjj*/l\?ﬁﬁ/ﬂ%@ﬁ, XA R B R 5 1 FH 3] Tensor Core 5 FP32 Core HIFFAT .

2T S, KREREIEN tgemm 1O J&—A> TC kernel, K B FEENMIRE Parboil M ] fep 2
— FP32 kernel. #% %L tgemm H)— DMEFEHAT 128 DNRRE, RBREL fep 1 NEFEERBA 128
MNERE. B RE tgemm SIZREL fop HERNE BON— DT R, AL R E — DR
128+128=256 MR, T AEHIAFTH R R T2l — RS 2P R S 3] SM b, B DUZ R £
A RES R FH 2 SM N Tensor Core 5 FP32 Core HIFHAT .

SR, Tacker 2 H X bR ERN& TVEA JUAN L 5 %%, DA% R BR & T VAR DL B PR Fh SR8
TCHIER AT 2 TR, SRR ME B R TER SR8, R, ek Bl & 7 ik 7RI
ITVERE. IR 2 R BUR BN A R Z A 5 Tt X2 PR 9 e Bt & ok T AN BRIR . B,
PRI & 77 1R TC A0 FE RT kernel 5 HAWAZ R ARG . 1X 29 RT kernel 752 4215 5 Optix,
T HAt A R 5 w21 & CUDA.

1) AZRR BSR4 B T ) PR AT 10 42% B 4
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2 (MEIRFE) BiEER CUDA stream #1TRHAITHTIE

Figure 2 (Color online) Duration of different kernel pairs under CUDA streams

2.2 CUDA stream BJ¥l< #0085

CUDA stream 19 J2HEH A E IR HEER . 24— stream I EREEA (A5 SM B
BEURI, 55— stream PRI R B AIERA NI SWES] SM E. BAANE, —4 SM LA 1024
AL, 64KB IS NAE, 65536 AN AERE. BB 1 T 512 AMRFEM, 32KB S5 JA7A
32768 N7, RERmE 2 [ H T/ TET 512 NERREfE, /N T4 T 32KB HENTE, DU/ T
T 32768 A AR, EATH AT LR IE GPU LT IHAL

FELL B R, BT CUDA stream ANFEMA P AMZ R B BRI, &8 e A a8t & 77
R ERIR B ) . 5 LR B, FRATTA T CUDA stream A1 Optix A — AN &I, Optix W 7] DA H
CUDA stream B THZREE B, J5 HHFFIE RT kernel HIAHHE . #4)35 M S, CUDA stream tH 1]
PUFH T A R B & 5 AN BE S F RT kernel 5 HAth A bR 8048 — 1R 48 B 1) i) R,

SR1M, CUDA stream 7EAMH] SM N IATIETT I, B E) 7 H SRR e, & 2 feoR 1 H#4EH CUDA
stream IR BAE FH AN A THRL B T BOAZ BR B PRAT I ). JRAT I TR B e i ik i B D7 B AE A5 CUDA
samples 121 A1 Optix toolkit 131, DL K V2 M8 K] GPU FUEM[AEE Parboil M d [ N FH SHKAE il i Fa
. EIXASEE A, pathtracer 7& RT kernel, tgemm & TC kernel, fep, ffft, fmriq, fmrif j& FP32
kernel, icp, if ft, imriq, imrif & INT32 kernel, dep, df ft, dmriq, dmrif & FP64 kernel. fE Parboil
i dep M fep R RIRERISEIE, B R A FH AN [R] i B (A B AT 15

XTSRS ALE M 5, 7 FP64 kernel FVRHISCIGAE V100 ERET, 47 RT kernel 7R HISZIGTE
3090 _EHEAT, T AR B BT VR B S EGAE 20801 _EFAT. BT A% R BN S TR AR — 4o 1. A
AT, FRATTHE A A% ek 5 ) PRAT I ) 0 2 380 [R] — AN [R]) 7, 40 5 ms. FESGIERS b, FRATRCE
BR BV BT (I BRAT I B], JRIE T IE] T AT A — AT E 5. AR 2 WA, BT A% eR BRI — 1k
T 2, Wl 10 ms. IXEME, @ CUDA stream > 1] A5 B 432 VR 7 5 /A% B8 8O V2
TR FETE

SR, PRAIESE R SUK AR 55 (10 AR 55 o o 7 EARHE A PE RE TN, Se A 28 G A Ik 75 B I IR k1A% bR
HORIEOL T PATE RS, SR, BUA M PERETIN J7 i T0VE EKIE M T CUDA stream T 4% R ik
RETIN. 5 UL[RIIS, CUDA stream T AJHATIRE AR, BICHSCHRIGAIIIAZ RO . R, CUDA
stream f) 53—l U JC IR AR UE AE IR BUR TS5 MO IR 35 o &, ASGRIS IR K R GE ARt e, CUDA
stream WL I JCIRIERN SM A FFAT 14 [ ] 7L
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Hardware-aware throughput-oriented scheduling system (Hato)
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Offline : Tensor & INT32 <]] INT32 Core benchmark I - ! !
e Modeling kernel co-running parallelism ore benchmar : } ‘[
| RT Core benchmark | ‘—> ive |
| Solve resource contention FP32 & INT32 | } Perceive ;
: in SM parallelism Tensor Core benchmark : | |
| | I I
i Kernel duration predictor Intra-SM parallelism-aware tool ] | |

3 (MKhRFE) RoME

Figure 3 (Color online) Architecture overview of Hato

3 REGHM

TN DA F )@, FRATTHE 1 AR R e i [ A% R B0 BE TV Hato.  Hato A BASCHR NANIE]
GPU, HIERMHEER SM A FTA FIFEAT T REME, FE 8% GPU il 7t S 1a] 1 1 55 SRS

Kl 3 /R T Hato MARGHME. Hato HHIFATHEIER A FRIH  TRHIEEB R, LR 5 i
FE RS R, AT BN TGS — B UHE S E AL —A GPU ERTA I SM IR T, 7ESR
HI—A GPU L) SM N IAT IS, R BE EAR A5 HRoAs) S AH S A% R BRI, S6F T 1K A% iR 50 B
XoF, TR A TR R B S U A A SR T (A% R SR BT, A A bR BT B ) ) S P e T A
AL RIS POIAR Y J5 , it 1) 1A FE AR BTE 7 — @ A B B S ) A R SRS . A IS AT I AT
I A% R R B 5, DATE ORAIE A8 IR BUB AT 55 IR 25 T = O [RI B, e KA AR R G

AR —/NRAM GPU L, AT FEUEE ST — B RN, et GPU Wi
ST L A SM N IFRAT . N, 2080Ti _E4 FP32 Core, INT32 Core, Tensor Core 5 RT
Core VUit 85T, 44 FP32-Tensor, INT32-Tensor, FP32-INT32 =Fft SM P4 347 1%.

TEIREN—A SM WHATYESE (151140 Tensor Core 5 FP32 Core), R FHIHL B /3 F1% GPU
FIZATHIRI A, AT BER) TC-FP32 % R AR EIXS . X TEE —MZREURET (F1W tgemm 5 cp),
TR AR AR S T AR AR IR e A% R e SM B BRI S 5, HONIXAMZ B B0 B
X L) g P RE TS Y . XA R Tl AR Y SRR AE B A A7 BT AT RS T ) MR RE TR

TESAG A 1 R A SE T+ FIAZ R BOR MO 5, ik S 1) B FREEE tH 7 — s A R B R FE 3R
W& RS REWS SCRFEAN R GPU b, fRIUE QIR BUR AT 55 Ik 55 o == A R I, e KA AR R et B
IS, SERG—HEAE SM N AT R A ST, AR 2E 1R BU A IR 55 1 H AR ] R &,
SE W 5 SR AU A AT 55 B A% R B AT BRI AT B TR BT

TEE R NAE, Hato X FAG F0d 0 et 7ERAA EE o0 b, SEiR U RMT 45 5R 01N
TSR (B 247 1, T ELAE A0 B B Be 8 A B AT ARAS A BRI XA 383  5 2 /iR
2 TAE—5 B L FEIXASSEIR I 50T, BEER AT IR IR A ek B0 ) A S 1A% R B0 B X, LIRS
KA B A $E T2 T DA 32 1.
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dim3 kernel_grid, kernel_block;
kernel_grid.x = SM_NUM; // @ Utilize all SMs in the GPU
kernel_block.x = 512; // @ Use half resources in SM, like thread slots
_ global__ void fp32_bench(float* in, float* out, int iteration, unsigned int* sm_id) {
float register[];
load_memory_to_register(in, register); // @ Data loading only happens once
for (int i = @; i < iteration; i++) { // @ Adjust kernel duration via iteration
perform_computation(register);
// @ Compute only with registers
// ® fp32_bench, int32_bench and fp64_bench use the same compute mode
// to measure the compute speed
store_data_to_memory(out, register); // @ Data storing also only happens once
asm(“mov.u32 %@, %smid;” : “=r”(sm_id[blockIdx.x]) ); // @ Get SM ID
}

B 4 (MERZE) EENRRN

Figure 4 (Color online) Design mode of benchmark applications

4 FHTHRAFIER

4.1 AL

B, A GPU AR BHIULE T SM WRIFTA THESIG, HIFREAE & E 112w §Ed
ATPE. flhn, 2080Ti P [FIBSELE 3 5 Fhih S0, MK LTS el R4 MR AR ). R, X 5
TR AT RS B BT B AT, B4, 2080T1 A SM BT 64 > FP32 Core, HI{UXA
2 /> FP64 Core. HT 2080Ti H¥ it BARAEE mki EERITHEAESS, FP64 Core 7 KB UEAE 5 1AL
A E B IC R L4y 2 —, FAT RIS oAb s oA R A SR T AT LLZRS AN T, B s, RIFE
PR R IC AT REAE— Rl GPU _LEANEAE AT, WifE 5 —Fp GPU _LAFfEIATHE. B, RT Core 5
FP32 Core 7£ 2080Ti F1 3090 _k [ 347 M AN F 1.

4.2 FENA

TS B 1R A, A A BEAS i e S 6 T BU E — MR A GPU R E - S8 e DL 1 SM
PWIFATPE. L, BT iE e —EERN ), DLB ST st e L AR GPU £E SM A
P AT P, X BRI ] 5 2508 5 DR, 5 —, REARA NN THRREOLT, il —xizsfrik
KT 5 B RS 55—, ROZ 0 RIS R T SEHT TSR, IR R AT R m TSR, 3 =,
REWE I TH SRR T AR Hh 2 BT S e A BT S e, 2R DY, 75 2SO AR A b R 1 S AT B
I RS E] SM L. 5500, RO HEAT E G S TS TR — 40, DLSCRAERA 1 FAT PR PR T 52

N T SEBLEL EIhRE, BATEER A T T B 1 ERCRIUE RN R & 4 s T RAR
BB, 155G, BAVACS R RN AR SM B 2] —F/0 SM BT (LAeml. L= NAE.
AAEAY). IR 5 3K, AT DASERAE R PI RS HE B BE S R 2E — > SM_EHUTITEL

FLIR, BATAUL SR B FILE L RN BEAT — IR DT AF BN, FERL SR INEAT — IRV E BN
TIAE R B P RS ER 23, FRATTA IR 7 A B TS AR 0 R 58 TH BB s A I 75 oK. s B R E, 0
VAR ORI P 25 A7 S8 2EAT AR LT 5, TR T AR G Uy A7 58 4 oI 1R 45 R HE .

o=, PTG %Oo TH AR AN, LASCHRE S HE R F A AAT IR (B) ) — k. Sl SRS s 34
AN G0t DA ) L ARFAE HE RAT AT S0, S AN A SRS SRS R, RIS AN
WG 1 A TCRTT 5. BRI, FERZ LT S DXENINIR A RENS SCRFSAAT I 18] B 3 2 ) —1E.
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5 (MLEAFE) 2080Ti, V100 LAK 3090 /Y SM AIHEHITIE
Figure 5 (Color online) Intra-SM parallelism on 2080Ti, V100 and 3090. OverlapRate on (a) 2080Ti; (b) V100; (c) 3090

)5, T Tensor Core £l RT Core AHHGIE A THE HI0H B = HIEES T, BAUUM FP32 Core,
FP64 Core, INT32 Core HEMAHRBIR TR TC. FATNIX 3 Mt SR ICR I AR O 542, B
AR SR TH 5. Sl AR O H R IS OB AT IR AT GE v, FRATAT LU AT I T SR AR A SRR T
[F)THEH B (operations per second, FFAPHEEAESL). WIR—Fh v SR T T IR BE A 1 — PPt ST
o3z — VAR, WIFRATRT AR A A B Y o S5 T,

T UL BRI, JAV APt R niiss 17— MEMEN . ZETH 17— oR A GPU I, 34T
SIS AT — i EEAE R R EfIA GPU | SM NAEERITF T, Hlid cudaDeviceGet Attribute() 3k
A GPU LY SM #uE. ariiRIELE N VAT, WiZ GPU EAFAEM N T8 o, ok, A1t
3 PhiE AR T TR, DoE AL AR B AT G, BT AR B AT oA AR R R T
8, HABHE A SM WFFATIE. 25 =, FRATEH0 2t 8T, R LR B R 2 e i i
PASCRE HAL I 308 — A SM; H A8 HAZ O E SR 70 BB IR HCR:, DASCRR T v N F AT RIAE 7B
WA ffa, FAVERMER 2 AT EHR R IT#AT TR M S5, DU X 2e1t 55 8 0 2 (] i B2 47 8.

4.3 FHITHENER

FAUF HIRHE S OverlapRate = (Ty + Ty — Tooo) /(T + T) SRR NALE WA EE4F 2 8] 1) FF
7M. RS, Ty ATy 53 3 B PR AN B N B AT B8], T RN I FEHE R FHAE
CUDA stream VH1 T PFATHS (], JRHIHE SR I RIEE N 0 2 50%.

FATAE 2080Ti, V100, 3090 =FBEFF_EiEAT 7 SERC. B 5 FFor il Eon 7 ARRL ISR A5 R I
Kl 5(a) AJ A1, 7E 2080Ti I, FP64 Core s& 4B 115 ¥.70. Tensor Core, FP32 Core, INT32 Core —Ff it
FE T2 R AELEFRATYE. B 5(b) A% 78 V100 |, SM WAFEAE RT Core. Tensor Core, FP32
Core, INT32 Core —Fhi1-5 5702 [A] I A77E 4T 1. FP64 Core 55 FP32 Core, FP64 Core 5 INT32
Core fA7EIATIE. M 5(c) RI%0, 7£ 3090 L, FP64 Core BT H 0. RT Core 5 Tensor Core,
FP32 Core, INT32 Core #AFAEHLIRIEATH. Tensor Core 5 FP32 Core, INT32 Core #A71EF1EFH
1T,

4.4 RREIRZERMY

Hato 1 = MFa U, 126, BUE GPU #B3CFEJE CUDA stream % BB #8211, U1 AMD
ROCm ] HIP stream, Intel OneAPI [ kernel queue. X685 H ;L #SCHF, 17— MZ R EUE A 1# H 58
SM(AMD GPU [fJ CU, Intel GPU ] Xe core) TR EIRN, K — MEREWAE S sSM _EitT
THE. IR, B GPU #I3FFE CUDA 1 SIMT 4ufefEsX, 141 AMD ] ROCm, Intel ] OneAPI.
i H, gafE A G nT DLd i X SR 1E 5, 1A 75 e OB B &5 =7 FERAE A GPU NI BT
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BETT. 55 =, Hato REMSIRATIAANZZE GPU VT REAFAERITHEL ST, H14, Nvidia GPU LRI B
% Tensor Core, RT Core, FP32 Core, INT32 Core, FP64 Core HLAM I ¥.76, AMD GPU ErJ el
% Shader Core 5 Matrix Core PiFiHEHIG, Intel Xe Core W [EI AL &3 25 & 5| S FIGE M 5] 2.

T =ARARE, AW TE Nvidia 19 GPU LT T R LI LIIE. X AMD GPU
5 Intel GPU M5, FAVZIRT TCIEIRAF AR A SLIRIAEE, FE AT BEATAH RL SLIG IO IE. SR, AAJR 2R
EHEAT 50T, BT AMD ROCm 3CHF HIP stream, J# H AMD GPU HyBEATIE 0 CU A [FIE 5
¥ Shader core 55 Matrix Core, Hato A F1itHEAE ] LA T AMD GPU 1) CU NI4T, 5
BEIEES, BT Intel OneAPI SZ#F kernel queue, Jf: H. Intel Xe Core P [RII LS5 % & 5| SEANFE PR 5] 2%,
Hato A8 1151 AR AT LA T 2 7 Intel Xe Core N ITTHRFEATHE.

W Nvidia GPU WA T #HITHE S IT, FA TR DOEE DU JUE 3T . 58—, AT At
B IR T SCRF CUDA stream HIEH]. WERFT T ITASIFF CUDA stream HIEF, WELiLSH
fi Tt B TCHEAT IRAT AT, B, AR A T R S A R, AR R AT LAl CUDA 4ifs
BEATAE R, n B v BB T AN SR FR S =0 BT A, e B TE ik S A T B B T AT IR AT A
7. InRFTH R BT SR CUDA w1905 AU T A, A THE Fr it S e RN . 26 =, 1
TS0 R T AR VR IS FH V8 00 380 B8 A SR AT PSR AR, AT RGN T R AE A I AL B A R AT PRI,
FEFTH R IT S O TR I IRAT I

5 RHEZEETIRR
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Table 1 Resource usage and normalized performance of benchmark applications using the persistent thread block
technique

fcp  ffft  fmriq fmrif icp  ifft dmriq dmrif tgemm tracer cutouts whitted blur

PTB block num. 6 3 4 3 6 3 4 3 2 1 1 1 1

Thread slots (%) 75 37.5 100 75 75 37.5 50 37.5 25 12.5 12.5 12.5 12.5
Registers (%) 45.7 193 483 375 46.8 21.1 781 63.3 41.8 3.13 3.13 3.13 3.13

Shared mem. (%) 0 9.6 0 0 0 9.6 0 0 57.6 12.5 12.5 12.5 12.5

Normalized perf. (%) 81.7 985 854 965 983 98.7 95.6 100 97.5 99.1 98.7 99.2 98.5

N W & a
S & o o
T T T

OverlapRate (%)
s
T

| | | | | |
fep ffft fmriq fmrif icp ifft imriq imrif fcp ffft fmriq fmrif icp ifft imriq imrif icp ifft imriq imrif dcp dfft dmriq dmrif icp ifft imriq imrif
tgemm tgemm pathtracer pathtracer fep fep dmriq

6 (MEREE) MREZREFZERBERR

Figure 6 (Color online) Overlap rate after solving the resource contention using the PTB technique
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Figure 7 (Color online) Duration prediction for the kernel pair tgemm-cp. (a) The first experiment with tgemm-cp;
(b) the second experiment with tgemm-cp
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Figure 8 (Color online) Runtime scheduling with Hato. (a) Kernels in tasks; (b) scheduling process
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9 (MLEARRE) Hato #HEEF Tacker FIFMEEF

Figure 9 (Color online) Throughput improvement of Hato compared with Tacker. (a) Co-locating DNN inference and
best-effort tasks on 2080Ti; (b) co-locating DNN inference using tensor core and best-effort tasks on V100; (c) co-locating
cloud gaming and best-effort tasks on 3090; (d) co-locating DNN inference using FP32 Core and best-effort tasks on V100;
(e) co-locating DNN inference and best-effort tasks on 3090
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Figure 10 (Color online) Effectiveness of different modules in Hato. (a) Quality-of-service guarantee; (b) prediction

accuracy of two-stage linear regression models; (c¢) performance improvement of Hato compared with kernel fusion;
(d) results for the co-location with multiple applications
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Abstract To address the burgeoning demand for computational capacity, GPUs incorporate an array of both
general-purpose and specialized computing units, including FP32 Core, INT32 Core, FP64 Core, Tensor Core,
and RT Core, within their streaming multiprocessors (SM). Various types of GPUs may encompass a subset of
these computing units. Despite the presence of multiple computing units within the SM, the parallelism among
them is not elucidated in the hardware design documentation. Concurrently, official scheduling interfaces lack the
capability to facilitate the parallel utilization of these computing resources by co-running the kernels using different
computing units. Also, they could not support the runtime scheduling to optimize overall system throughput.
Faced with the above problems, we propose a hardware-aware throughput-oriented kernel scheduling method Hato.
Hato first designs a parallelism-aware tool that supports finding all intra-SM parallelism for any GPU. Secondly,
Hato proposes a kernel co-running modeling method, which supports the existing scheduling interfaces to utilize
the intra-SM parallelism, and the accurate duration prediction for the co-running kernels. Finally, Hato proposes
a throughput-oriented scheduling strategy that supports utilizing all possible intra-SM parallelism to maximize
overall system throughput while ensuring service quality for latency-sensitive applications. Experimental results
show that compared with the state-of-the-art scheduling system Tacker, Hato improves the system throughput
by an average of 19.2% and by as much as 54.1%.

Keywords GPU, intra-SM parallelism, throughput improvement, runtime system
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